Abstract-Site dependent parameters such as soil resistivity, maximum grid current, fault duration, shock duration, surface layer material resistivity, and grid geometry have substantial impact on the design and performance of an earth grid. The grid geometry, i.e. the area occupied by the grid system, conductor spacing and the depth of burial of earth grid specifically have much impact on the mesh, step, touch voltage and earth potential rise, while parameters such as the conductor diameter and the thickness of the surfacing material have less impact on the safety criteria. In this paper, a distribution substation earth grid was designed using the CDEGS software by varying the spacing between grid conductors (compression ratio) from 1 to 0.5 in steps of 0.1. The safety criteria were studied under three scenarios, without surface layer material, with surface layer material of resistivity 3000Ω-m, and surface layer material of resistivity 5000Ω-m. Results indicated that the grid resistance and earth potential rise were lower for a compression ratio 0.9, while the step and touch voltages were found to be similar for each case of surface layer material.
I. INTRODUCTION
Earthing in any substation irrespective of the type is essential to ensure the safety of humans and animal life, to protect equipment against damage by over voltage, and to ensure a reliable power system operation. The earthing system normally consists of a complete set of measures used to establish an electrically conductive path to the ground, and is mandatory in all electrical power networks both at high and low voltage levels. Effective earthing system in a substation is required to limit touch and step voltages to safe values, enable efficient operation of protective devices, and to ensure good power quality and electromagnetic compatibility are maintained [1] . Considering these safety concerns, the primary objective of a substation earthing is to, provide a means to disperse electric current into the soil under both normal and fault conditions without exceeding any operating and equipment limits, or adversely affecting continuity of service, limit the earth potential rise (EPR) of the substation earth grid to an acceptable value for any possible fault condition, ensure that a person in the vicinity of grounded facilities is not exposed to the danger of critical electric shock, and minimize the surface potentials [2] . In addition to guaranteeing safety within and outside the immediate vicinity of the substation, the earth grid must also be designed to withstand corrosion and mechanical stress during its entire lifetime, and be able to withstand the expected thermal stress from fault currents [3] .
In the design of a substation earth grid, there are certain sitedependent parameters such as, maximum grid current I G , fault duration t f , shock duration t s , soil resistivity ρ, surface material resistivity ρ s , and grid geometry have substantial impact on its function. The grid geometry, i.e. the area occupied by the grid A, and the soil resistivity ρ, have significant influence on the grid resistance R g , while the conductor spacing and the depth of burial of the earth grid are the parameters that have much impact on the mesh, step and touch voltage and EPR. Parameters such as the conductor diameter and the thickness of the surfacing material have much less impact on the grid performance [4, 2] . The impact of earth grid burial depth on R g and EPR has been reported in [5] . Generally, the lower the resistance of a substation earth grid with respect to remote earth, the more effective it is, although in situations where the soil resistivity is very high, achievement of low earth grid resistance have proved to be difficult and costly [6] . There are two basic target approaches in the design of substation earth grids that are used worldwide. In some countries, an earth grid is considered adequate when the earth grid resistance satisfies the applicable standards, i.e. lower than the recommended values. While in other countries, such as the U.S.A, an earth grid is considered safe, when step and touch potentials are made lower than the permissible values. Among the two approaches, the second is assumed to be more valid as the magnitude of tolerable current flowing through the human body is taken into consideration [1] .
The process of substation earthing grid design comprises of many stages. The design procedure by manual computation has been detailed in [4] . However, when an engineering tool such as Current Distribution, Electromagnetic Field, Grounding and Soil Structure Analysis Software (CDEGS) is used for the design, some of the design stages outlined in [4] are simplified and truncated by automated computer program. Basically, there are two design stages, i.e. preliminary and actual. The preliminary stage involves field data collection, while the actual design, following the manual procedure involves calculations to determine parameters such as maximum expected grid current, grid conductor size, grid resistance, tolerable touch and step voltages, and EPR. Sequel to the actual design, the magnitude of EPR is compared to touch and step voltages. When the safety criteria are satisfied, the procedure is terminated. Otherwise, mesh and step voltages must be computed and the entire design process revised until the specified safety criteria are met. In this paper, the design process adopted includes field data collection, determination of soil model, determination of expected maximum grid current, and earth grid resistance by manual computation to estimate the magnitude of energization current and grid dimension. These parameters were used as input for design using SESCAD. The proposed substation is intended to serve a residential area, and the target of the design is to meet the earth grid resistance value of 1 to 5Ω which is recommended for small distribution substations as in [7] .
Thus far, there is no available literature that deals with the impact of conductor spacing on the safety criteria and other parameters of substation earth grid. In this paper, a distribution substation earth grid was designed using CDEGS by varying the spacing (compression ratio) between the parallel rows and columns of the grid to investigate the effect on EPR, R g , touch and step voltages considering three scenarios, i.e. without surface layer material on the grid, with surface layer material of resistivity 3000Ω-m, and with surface layer material of resistivity 5000Ω-m. The details of the design have been presented in the methodology section.
II. METHODOLOGY
The proposed site of the new distribution substation (downstream) is located at Bukit Expo, Universiti Putra Malaysia, Serdang, Selangor, Malaysia, while the main intake substation (upstream) is located adjacent to the Universiti Putra Malaysia Stadium which is 2.5km apart and connected using a cable line. The specification of the upstream and downstream substations are, 33/11kV, 15MVA, Z=10%, and 11/0.43kV, 1000kVA, Z=4.75%, respectively. Soil resistivity measurement was conducted at the site according to Wenner method using a 4-pole Megger Earth Tester. To ensure measurement accuracy purposes, the spacing between probes was equally maintained and all probes were arranged in a straight line as recommended in [8] . The soil resistivity field data was used to determine the soil model using RESAP module of CDEGS software which facilitated the earth grid design using SESCAD and executed in MALT. The earth grid resistance R g and area occupied by the grid was initially estimated using equation (1) where a dimension of 15mx15m was considered, which yielded a value of R g <5Ω as recommended in [7] . The grid comprised of six parallel horizontal rows and columns of copper conductors occupying an area of 225m 2 . The value of the short circuit current available at the secondary terminals of the upstream transformer was calculated from equations (2a) and (2b) which produced a current of 7.873kA assuming a bolted three phase fault occurs between the upstream and downstream substations. It was assumed that 75% of the fault current, i.e. 5905A would flow through the earth grid while 25% would return to the upstream substation (source) [9] . A fault clearing time of 0.3s being the minimum time threshold that would trigger ventricular fibrillation in a 50kg weighted person was used.
Where,
R g is the grid resistance in Ω,  is the soil resistivity in Ω-m,
A is the area occupied by the grid in m 2 . III. RESULTS AND DISCUSSIONS Table 1 lists the measured field data indicating apparent resistance and computed apparent soil resistivity values which are average of five measurements conducted for each probe spacing. The initial spacing between probes was 1m and increased in steps of 1m up to 5m. These field data were used as inputs to the RESAP module for a soil model to be determined which is presented in Table 2 . Note that this is the initial step in the design of any substation earth grid and has to be done as accurate as possible. Table 2 depicts the soil model obtained after the RESAP run which indicates that the soil comprises of three layers. The first, i.e. top soil layer has a resistivity of 263Ω-m with a thickness of approximately 1m. The second, i.e. middle soil layer has a resistivity of 1560.4Ω-m with 0.63m thickness. The third and bottom soil layer has the lowest value of soil resistivity of 35.6Ω-m with an infinite thickness. In summary, the soil model is made of three layers with high resistivity layer sandwiched between two low resistivity layers. It was recommended in [9] that the burial depth of earth grid should vary between 0.5 to 1.5m depending on the soil conditions. Summation of the thickness of the first and second soil layers in Table 2 yields 1.63m which has slightly exceeded the upper limit of the recommended burial depth. In this paper, a burial depth of 1.8m was used to take advantage of the lowest soil resistivity in the third soil layer and its infinite thickness. (Figs. 1b to 4b ). This may be attributed to the decrease in spacing of the conductors as the compression ratio is further reduced. On the other hand, Figures 1c to 6c reveals that, the step voltage spot level at the centres of these grids are all similar. It could be deduced that, compression ratio more effect on touch voltage than step voltage. Table 3 lists the impact of variation of compression ratio on grid resistance R g and earth potential rise (EPR). The highest value of compression ratio is unity which signifies equal spacing between parallel buried grid conductors, while a compression ratio less than unity indicates that the grid conductors are closely spaced around the periphery of the grid and widely spaced towards the centre as illustrated in Figures  2 to 6 according to the values used. Results indicate that, the value of R g for a compression ratio of 1 is 0.92097Ω and reduced slightly to 0.92004Ω as the compression ratio was decreased to 0.9. However, as the compression ratio was further reduced to 0.8, the value of R g reversed and began to increase towards its initial value at a compression ratio of 1 with a typical value of 0.92095Ω. As the value of compression ratio was further decreased from 0.8 in steps of 0.1 until 0.5, the values of R g increased for each step decrease yielding an R g of 0.92430 at a compression ratio of 0.5. From Table 1 , it could be deduced that, the optimum value of compression ratio which results in reduction of the value of R g is 0.9. It could also be observed that the values of EPR vary in proportion to the values of R g , hence the change in values as the compression ratio is varied.
The effect of compression ratio on safety criteria of an earth grid is presented in Tables 2a to 2c considering a fault clearing time, (t f ) of 0.3s. Three cases were considered, without surface layer material, Table 2a , with surface layer material of resistivity 3000Ω-m, Table 2b and with surface layer material of resistivity 5000Ω-m, Table 2c . Results indicated that variation of compression ratio has no direct impact on touch and step voltages as indicated by the constant values in Tables  4a to 4c . It could further be observed that the touch and step voltages in Table 4a are much lower than those in Tables 4b  and 4c , this is as a result of the dependence of touch and step voltages on the values of soil resistivity (ρ) at the substation site and also on the surface layer resistivity (ρ s ) applied on the surface of the earth grid which in this case there was none. Considering Table 4b , it could be seen that although the values of touch and step voltages are similar despite the variation in the values of compression ratio, they are however higher than those in Table 4a due to the contribution of the surface layer material of resistivity 3000Ω-m applied on the surface layer. Similarly, the values of touch and step voltages presented in Table 4c are also the same for the different values of compression ratio, but are higher than those in Table 4b , again due to the contribution of the surface layer material of resistivity 5000Ω-m applied on the grid surface. 
IV. CONCLUSION
The impact of conductor spacing or compression ratio on grid resistance and safety criteria such as earth potential rise, touch and step voltages has been presented where it was found that a compression ratio of 0.9 had a positive impact on both R g and EPR as their values reduced slightly, but the values of touch and step voltages were not affected as they were constant for a particular case of surface layer material. Values of compression ratio in the range 0.8 to 0.5 had negative impact on R g and EPR as their values increased for each decrease in value of compression ratio below 0.9. It was also found that compression ratio has more effect on touch voltage than step voltage. It could be concluded from this paper that, choice of a compression ratio of 0.9 is recommended during earth grid design using CDEGS as it produces a lower value of R g and EPR when compared to a compression ratio of unity.
